In two-dimensional (2D) electron systems under strong magnetic fields, interactions can cause fractional quantum Hall (FQH) effects 1, 2 . Bringing two 2D conductors to proximity, a new set of correlated states can emerge due to interactions between electrons in the same and opposite layers [3] [4] [5] [6] . Here we report interlayer correlated FQH states in a system of two parallel graphene layers separated by a thin insulator. Current flow in one layer generates different quantized Hall signals in the two layers. This result is interpreted by composite fermion (CF) theory 7 with different intralayer and interlayer Chern-Simons gauge-field coupling. We observe FQH states corresponding to integer values of CF Landau level (LL) filling in both layers, as well as "semi-quantized" states, where a full CF LL couples to a continuously varying partially filled CF LL. Remarkably, we also recognize a quantized state between two coupled half-filled CF LLs, attributable to an interlayer CF exciton condensate.
. Bringing two 2D conductors to proximity, a new set of correlated states can emerge due to interactions between electrons in the same and opposite layers [3] [4] [5] [6] . Here we report interlayer correlated FQH states in a system of two parallel graphene layers separated by a thin insulator. Current flow in one layer generates different quantized Hall signals in the two layers. This result is interpreted by composite fermion (CF) theory 7 with different intralayer and interlayer Chern-Simons gauge-field coupling. We observe FQH states corresponding to integer values of CF Landau level (LL) filling in both layers, as well as "semi-quantized" states, where a full CF LL couples to a continuously varying partially filled CF LL. Remarkably, we also recognize a quantized state between two coupled half-filled CF LLs, attributable to an interlayer CF exciton condensate.
The energy levels of a non-interacting 2D electron system in a magnetic field are quantized into a discrete set of LLs with degeneracy proportional to the area of the system 6 . A key parameter in these systems is the LL filling factor ν = nφ 0 /B, where n is the electron density, B is the magnetic field perpendicular to the layer, and the magnetic flux quantum φ 0 = h/e, with −e the electron charge. Integer quantized Hall (IQH) effects occur when ν is an integer, where the Fermi level is in an energy gap between two LLs, and Coulomb interactions between electrons can often be ignored. However, Coulomb interactions have a dominant effect in partially filled LLs, lifting the LL degeneracy and causing new collective states of matter to appear at a certain set of fractional values of ν, which is known as the fractional quantum Hall (FQH) effect In single-layer systems, the most commonly observed FQH states can be understood in terms of the composite fermion (CF) picture 7 . Here, the electrons are each bound to even number (2m) of quanta of an emergent Chern-Simons (CS) gauge field to form CFs, leaving only relatively weak residual interactions between them. Since the CS field combines with the applied magnetic field, the CFs experience an effective magnetic field B * = B − 2mnφ 0 , which is generally weaker than the original field B. From this effective magnetic field, we can relate ν to the CF LL filling factor p: ν = p/(2mp + 1). If p is an integer, positive or negative, then the CF system is predicted to have an energy gap, and the electrons will be in a corresponding FQH state, with ν equal to a fraction with odd denominator. Because of this energy gap, the FQH state has vanishing longitudinal electric resistance R xx and quantized Hall resistance 1 R xy = h/νe 2 . FQH states also have quasiparticles with fractional charge and fractional quantum statistics (anyons), different from the statistics of bosons or fermions 2, 8 .
The scope of quantum Hall physics further expands when we bring two layers close to each other, allowing strong Coulomb coupling between them, while suppressing a direct interlayer tunneling. One much-studied state in such systems is the interlayer-coherent IQH state, which was first observed for the total filling factor ν tot = 1, where ν tot ≡ ν top + ν bot is the sum of the filling factors in the top and bottom layers 5, 9, 10 . Due to the Coulomb interaction, electrons in one layer are correlated with holes in the other. The ground state may be described as having a Bose condensate of interlayer excitons, added to a starting state in which one layer is empty while the other has a completely full Landau level. As the density of excitons can be varied continuously, the interlayer coherent state can exist over a wide range of values for the difference in layer occupations, while ν tot is fixed to be an integer.
Several experimental methods, including Coulomb drag [11] [12] [13] , counterflow 14, 15 , and tunneling measurements 16 , have been exploited to demonstrate the interlayer correlation, superfluidity and coherence of exciton condensation. In Coulomb drag measurements, current I is driven through one of the layers (drive layer), while the other layer (drag layer) is electrically not connected. When tunneling is absent, development of a large drag voltage V drag proportional to I provides a direct 2 evidence for strong interlayer correlation. For ν tot = 1, the Hall drag resistance R xy drag = V xy drag /I is quantized to the same value as Hall resistance of the drive layer, R xy drive = R xy drag = h/e 2 , proving interlayer correlation and exciton superfluidity 5 . Previously, Coulomb drag study has been exclusively performed on integer ν tot exciton condensate states. In GaAs double quantum wells, ν tot = 1 is the only observed interlayer correlated state, while exciton condensation at several other integer ν tot have been reported in graphene double-layer system 12, 13 . Despite theoretical expectations 6, 7, [17] [18] [19] [20] , no direct experimental observation of interlayer correlation at fractional total filling factor has been made thus far. The observed incompressible state at ν tot = 1/2 in doublelayer or wide single-layer GaAs has been proposed to be the correlated Halperin (331) state 3 , but without direct experimental verification 4, 9, 10, 21 . The delicacy of these expected interlayer FQH states demands extremely high sample quality.
In the present study, we have fabricated monolayer graphene double-layer devices with top and bottom graphite gates. The dual graphite gates shield the graphene layers from impurities and contaminations, enabling lower disorder and more homogeneous samples 22 . The heterostructure, stacked all at once, is composed of two graphene layers separated by hexagonal boron nitride (hBN), with the graphite/hBN encapsulation layers at the top and the bottom (Fig. 1d , the topmost hBN layer not shown). The thickness of interlayer hBN is ≈2.5 nm, which allows strong interlayer Coulomb interaction while preventing direct tunnel coupling between the graphene layers. The stack is then etched into Hall bar shape and individual contacts on each layer are fabricated.
Coulomb drag measurements were first performed with both layers at the same carrier density (ν top = ν bot ≡ ν eq ) (Fig. 1a, b) . The previously observed ν tot = 1 exciton condensate state 12, 13 can be clearly identified at ν eq = 1/2, with quantized R In this high quality sample, however, additional features with large drag responses are also observed away from ν tot = 1, indicating that strong interlayer coupling persists, thereby enabling additional interlayer correlated states (Fig. 1a) . In particular, we observe vanishing R drag xx at ν eq = 1/4, 1/3, 2/5, 3/7, 2/3 (data for 1/4 is found in SI), which suggests that incompressible states are developed at these filling factors. Among them, ν eq = 1/3 and 2/3 appear as trivial single 3 layer FQH states, evident from vanishing R drag xy . We thus focus our attention first on ν eq = 2/5 and 3/7 particularly, which are two most prominent states that produce quantized Hall responses in the drive and drag layer. Interestingly, for these states, the two Hall resistance, R We demonstrate that ν eq = 2/5 state can be understood with a generalized CF description extended to double-layer systems. Here, we introduce multiple species of gauge field, coupling fermions in different layers as well as in the same layer. For our purposes, we attach two intralayer flux quanta and one interlayer flux quantum to each electron, so that a CF in a given layer sees two flux quanta attached to every electron in the same layer, but only one flux quantum attached to electrons in the other layer (Fig. 1f) . We only work in |ν top |, |ν bot | < 1 region, and we assume that electrons are spin and valley polarized. By generalizing the single layer CF picture, it is natural to define CF filling factors p A and p B for the top and bottom layers respectively. These are defined as the ratio between the fermion density in a given layer to the effective magnetic field felt by CFs in that layer (see SI):
Inverting Eq. 1, the LL filling factors for electrons in the two layers will then be given by
In the case where the layers have equal density, this formula simplifies to ν eq = p/(3p + 1), where
The experimentally observed interlayer correlated state ν eq = 2/5 corresponds to the composite fermion filling factors p A = p B = −2. Since the CFs in both layers are correlated, the Hall 4 signal in both layers must be correlated as well. Using the CS field calculation, we find that the double layer Hall resistivity tensor obeys (see SI for derivation):
In this equation,ρ xy is the Hall resistivity matrix in the unit of resistance quantum, which contains two contributing terms:ρ CS originates from the motion of the CS flux considering the two intralayer flux quanta and one interlayer flux quantum, whileρ cf is caused by Hall effect of CFs. At Applying similar CF formalism discussed above (Eq.1) to ν eq = 3/7, however, we obtain In order to correct the weakly interacting CF model presented above for half-filled CF LLs, we can draw an analogy between the half-filled CF double-layer system to the half-filled electron double-layer system, in which an exciton condensate can be formed. If we assume pairing between CFs in one layer and CF holes in the second layer, the CF Hall resistivity tensor becomeŝ
Inserting Eq. (4) into Eq. (3), we obtain R drag xy = 2/3 and R drag xy = 5/3, which agrees with our experimental observations, thus suggesting the CF exciton condensation phase is indeed responsible for ν eq = 3/7 (Further discussion of CF paring in half-filled CF LLs can be found in the SI).
Away from equal filling status, Fig. 2a shows that the vanishing R drag xx persists along the segments of two symmetric lines (labeled by L1 and L2) that intersect at ν eq = 2/5. The line L2 has a slope of -2/3 and traces from (ν top , ν bot ) = (0, 2/3) to (1, 0), while L1 is the inverse. We find that the longitudinal drag vanishes and Hall drag remain quantized along these lines, as shown in Fig. 3a&d , indicating the strong interlayer interaction persists along these line segments. Unlike the quantized interlayer drag resistance, which is layer-independent by the Onsager relation, we find that the drive Hall resistance depends on which layer we measure. For example, along L2, we find driving the bottom layer exhibits QHE with R bot xy = 3/2 and R bot xx = 0. However, when we drive the top layer along L2, R top xx > 0 and R top xy is not quantized. Along L1, the role of the top and bottom layers is reversed. The experimental observed behaviors of all the resistance components along L1 and L2 are summarized in Table. 1.
We note that along L1 or L2, the composite fermion filling factor of one of the layers (p A or We now understand the above results as follows. For a general point on the line segment L2 (i.e. fixed p B = −2), there is an energy gap for adding or removing a CF of type B (δp B ), but not of type A (δp A ). Thus, while the state should not be as stable as at a point where CF filling factors p A and p B are both integers, so that both species of CF are gapped, it should nevertheless be more stable than at a nearby points where both CF filling factors are fractions. Therefore, it is plausible that CF states along a line where one of (p A , p B ) is an integer should be good candidates for the true ground state at the corresponding filing fractions. We call such states semi-quantized, as one CF filling factor is fixed but the other can vary continuously.
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To understand transport properties in a semi-quantized state, we first note that in the absence of CF scattering or of pinning by impurities, there would be no longitudinal resistance and the Hall resistances would be given by Eq. (3), even in the absence of an energy gap. For the semiquantized state along L2 (p B = −2), if an electrical current is driven on the bottom layer, then the current can be carried entirely by CFs of type B (bottom drive), with stationary CFs of type A (top, drag layer). Since type B CFs are contained in a filled CF-LL, the current is carried without dissipation. Furthermore, as there is no tendency for flow of the type A CFs, a small density of impurities will have no effect, leading to quantization ρ bot xy = 3/2 and ρ drag xy = 1. On the other hand, if current is applied to the top layer, CFs of type A will be forced to move. If CFs in the partially filled CF LL are not pinned by impurities, they will participate in the motion, and the they can be scattered by impurities. This will lead to a longitudinal resistance, and deviations from the result R top xy = (2 + 1/p A ) predicted by Eq. (3), except in the case where p A is so close to an integer value that the small density of excess CFs is pinned by impurities.
An alternative approach to understanding properties of the states along L1 and L2 is to begin with the balanced quantized state at ν eq = 2/5, and add quasi-holes to this state. Elementary quasiholes in this state have total charge −e/5, with −3e/5 in one layer and +2e/5 in the other. The addition of one or another type of quasi-hole will move the system along the line L1 or L2, in a direction decreasing the total filling factor. The relative stability of states on the two line segments can be understood considering the energy cost for quasi-holes versus quasiparticles (See the SI for more discussion).
Finally, we turn to the state at ν eq = 1/4 and the lines through it. The state ν eq = 1/4 may be described in our CF language by p A = p B = 1. As discussed in the SI, the state is also equivalent to the Halperin (331) state which has been proposed as a possible explanation for the FQH state at ν tot = 1/2 in wide GaAs quantum wells. The line L3 in Fig. S2 , which passes through this point, corresponds to p A = 1 with continuously varying p B . Although there appears to be a well-developed FQH state at p B = 2 with p A = 1 along this line, corresponding to the values ν top = 3/13, ν bot = 4/13, there does not appear to be a line of semi-quantized states between these two points. The absence of the continuous semi-quantization along these lines suggests that the stabilization of interlayer correlated CF state requires microscopic consideration of the energetics of the quasiparticle addition to the system (see SI).
Methods
Sample fabrication The hBN-graphite-hBN-graphene-hBN-graphene-hBN-graphite (from top to bottom) stack are prepared by mechanical exfoliation and van derWaals (vdW) transfer technique.
The shape of graphene and graphite are carefully chosen and arranged so that we can use the overlapped part as the main channel area, while fabricating individual contacts on each layer at the regions with just one conducting layer. A square-shaped top graphene layer is chosen, while we pick strip-shaped bottom graphene and bottom graphite, that are narrower but longer than the top graphene. We align the bottom graphite and bottom graphene into a cross, while keeping the overlapped area inside the top graphene square. The top graphite covers everything after stacking but is etched into the same shape as bottom graphite. We then etch the stack into final device geometry and fabricate Cr/Pd/Au contact on all the graphene and graphite layers. Last, we grow 20-30nm ALD Al 2 O 3 , and then deposit contact gates above top layer graphene lead to increase the contact transparency.
Coulomb drag measurement We perform Coulomb drag measurement with 2nA excitation current on the drive layer using lockin amplifiers at 17.7Hz. We used a symmetric bias scheme to eliminate any possible interlayer bias effect. In this scheme, we apply positive bias +V on the source and -V on the drain (both on the drive layer). The drag layer is open circuit but with one of the contact connected to the ground through 1MOhm resistor to allow charges to flow in and out of the layer for gating effect. Using ALD contact gate and silicon backgate, we dope the lead area of both layers to high carrier density and matching carrier type with the channel. The measurements are done in a He3 cryostat at 300mK. The circles on the two graphene layers represent quasiparticle excitations with marked electrical charges (−e, 2/3e, etc.). These quasiparticle pairs are balanced by the transverse electrical fields on the top and bottom layer (E top and E bot depicted by black arrows). 
Supplementary Information

S1. Theory of Quantized and Semi-Quantized Fractional
Hall States in Coupled Layer Systems.
S1.1 Formalism
Let n i = (ν i B/φ 0 ) be the electron density in layer i, where i = (A, B) labels the top and bottom layer, respectively. Then the Chern-Simons field seen by composite fermions in layer i is given by
where i * denotes the layer opposite to i. The average effective magnetic field seen by the CFs in layer i may be written as
where B is the applied magnetic field. We may then define effective Landau level filling factors for the CFs by
We can now obtain Eq. M1 of the main text, which expresses {p i } in terms of {ν i }. Now if voltage gradients are applied to the two layers, there will generally be electric currents generated in the layers. We consider, here, the limit of an infinite system, where the voltage gradients are produced by uniform electric fields in the respective layers, and we can neglect any contributions due to edge currents arising from differences in the chemical potentials at the two edges infinitely away. If there are electron particle currents j i in the two layers, there will be generated Chern-Simons electric fields [?, ?], given by
Then, If an electric field E i is applied to layer i, the composite fermions in layer i will feel an effective electric field
In the limit of weak electric fields, we may use linear response and write
where α & β are indexes of two spacial coordinates andσ cf is 4 × 4 matrix that we denote as the conductivity matrix for CFs. If we now invert these equations to express the electric fields in terms of the electric currents, we find a resistivity matrix given bŷ
whereρ cf is the matrix inverse ofσ cf and
In a self-consistent mean field or random phase approximation, one assumes that the response functionσ cf is given by the response function of free fermions to the applied forces F i in the effective magnetic fields ∆ i . In this case,ρ cf , has no elements connecting the two layers. In addition, if we are in a situation were there is no dissipation, the longitudinal part ofρ cf will be zero, and only the Hall components survive. Moreover, in the absence of pinning by disorder, the CF Hall resistance of layer i is just equal to 1/(p i φ 0 ) . The 2 × 2 matrix of Hall resistances is then given by Eq. (M3) of the main text, in units where the resistance quantum h/e 2 has been set equal to unity.
S1.2 Quantized and Semi-Quantized Fractional Hall States
Fully quantized fractional Hall states can arise if both p A and p B are integers. Then, at least within mean field theory, there will be an energy gap for creation of any kind of excitation, and the state should be stable against small changes in the chemical potential of either layer.
(Whether the proposed state is actually the true ground state of the system, with a lower energy than any other possible state, will of course depend on details of the Hamiltonian). When there is a complete energy gap, there will be effectively no excited quasiparticles at sufficiently low temperatures in any of the composite-fermion Landau levels, so there will be no dissipation, and the resistivity matrix will be given by Eq. (M3). However, we may also consider a situation where only one of the filling factors, say p B is an integer. This means that there should be energy gap for changing p B but not for p A : the ground state energy should vary continuously with p A , if p B is held fixed. With some simple algebra on Eq. (M2), one can show that the resulting filling factors lie on a straight line, with
We refer to generic states along these lines, at points where only one of the occupation numbers p A , p B is integer, as semi-quantized fractional Hall states.
As argued in the main text, if the drive current is applied to layer B, there will be no dissipation. In the present language, this is because F A = 0 and the CFs of type B reside in CF-LLs that are completely full. Consequently, we can still use Eq. (M3) to compute the Hall resistivities. Thusρ should still remain quantized, with values (2 + 1/p B ) and 1, respectively, in units of h/e 2 . However, if drive current is applied to layer A, then F A will be nonzero, and there will generally be dissipation due to scattering of the CFs by impurities, Therefore, the prediction of Eq. (M3) thatρ B xy = (2 + 1/p A ) cannot be trusted. However, we note that if p A is sufficiently close to an integer value, and the temperature is sufficiently low, the composite fermion particles or holes in the partially filled Landau level may be localized by disorder, so that they will not contribute to the transport properties. In this case, one should replace the quantity p A in Eq. (M3) by the nearby integer value.
In contrast to the semi-quantized case, we may consider the unquantized case, where both p A and p B are non-integer. In this case we have partially filled Landau levels for composite fermions of both species. Now, even in the absence of disorder, composite fermions of the two types will scatter off each other, unless their drift velocities are identical. The velocities will only be equal if the electrical field is identical in the two layers, which is not the case in the drag experiments we are considering. Thus we would expect to find dissipation even in the absence of impurities.
For unquantized states along the symmetric line ν A = ν B , if we were apply equal current densities in the two layers, the electric fields would also be equal in the two layers. Therefore, in the absence of disorder, there should be no dissipation in this case, and there will be no longitudinal voltage drop in either layer. On the other hand, if the currents are equal and opposite in the two layers, the electric fields should be opposite in the two layers, and there would be dissipation due to the scattering between composite fermions in opposite layers, if p A and p B both not integers. In this case, in the absence of impurities, we will have nonzero longitudinal electric fields which are equal and opposite in the two layers.
The longitudinal voltage in a drag experiment, where current flows only in one layer, may be obtained by adding the two previous cases. We see that in the absence of disorder, the longitudinal electric field should remain equal and opposite in the two layers, i.e., for the unquantized states along the symmetry line, we should have ρ drag xx = −ρ drive xx . Experimental results along the symmetry line are at least approximately consistent with this expectation, suggesting that scattering between the two types of composite fermions is more important than the scattering by disorder in this case.
S1.3 Quasiparticles
For a fully quantized system, with a proper energy gap, the elementary excitations are found to be quasiparticles and quasi-holes, with fractional charges that are precisely quantized in each of the two layers. As an example, we may consider the gapped symmetric case at (2/5, 2/5). Generalizing the Laughlin procedure [?], we may generate a quasiparticle by inserting a zerodiameter solenoid at a point r 0 , and turning on current in the solenoid so that it contains precisely one quantum of magnetic flux. Since we have a symmetric system with total filling ν tot = 4/5, this procedure will expel 2/5 of an electron charge from the vicinity of r 0 in each layer, and send it to the boundary of the sample. If we now deposit an extra electron at point r 0 in layer A, we will have created an "A-type" quasiparticle, with 3/5 of an electron charge in layer A, and -2/5 in layer B, for a total charge of -e/5. We may create an "A-type" quasi-hole, with -3/5 of an electron charge in layer A, and 2/5 in layer B, using the reverse procedure, where we change the sign of the flux through the solenoid and remove an electron from layer A. Type-B quasiparticles or quasi-holes can be created in the same way, by adding or subtracting the electron in layer B. By adding or subtracting quasiparticles or quasi-holes of type A, we can shift the filling factors (ν A , ν B ) along the line L2, with slope -2/3, whereas by adding or subtracting quasiparticles of type B, we move along the line L1, with slope -3/2.
If the density of quasiparticles is sufficiently small, so that they do not overlap, we can continue to talk about quasiparticles with quantized charges. At some point, however, the charge associated with a particular quasiparticle becomes ambiguous, and only the total charge in each layer is well defined. If one progresses far enough from the (2/5,2/5) state along the line L2 with slope -2/3, one will pass through a number of states with p B = −2 and integer p A . If our CF model is still a correct description of the system, then the ground states should be fully quantized states, with complete energy gaps. Then, if the temperature is well below the energy gap, the charged excitations will be quasiparticles and quasi-holes, with quantized charges, which will generally not be the same as those at (2/5, 2/5). However, in each case, we can find quasiparticles with minimal total charge and with a ratio of charges of -2/3 between layer B and layer A. For example, at the end point (0,2/3) we would find quasiparticles with charge 1 in layer A and -2/3 in layer B. (We may understand this quasiparticle as a bound state of an electron in the empty layer with a pair of e/3 quasi-holes in the layer with ν i = 2/3.) In fact, experimentally, it appears that the CF model where each CF sees two flux quanta attached to CFs in the same layer and one for the opposite layer is not the correct description for fractions with ν A ≤ ≈ 0.2, but the example illustrates the point. More generally, for fully quantized states located on the the line, we would find quasiparticles whose charges in the two layers are given
with q T being the total charge of the quasiparticle. Thus in all these cases, one could move along the semi-quantized line by adding quasiparticles of the designated type. Transport properties of a semi-quantized state can be understood in terms of the properties of quasipaprticles, without referring to the motion of CFs. At a point on L2 with ν top slightly less than 2/5, we may describe the ground state as the quantized (2/5,2/5) state, with a nonzero density of type-A quasi-holes. If a current is sent through the bottom layer (layer B), the current can be carried by the quantized background state, which as we have seen will generate a Hall voltage in layer A that is 2/3 the Hall voltage in layer B. Since the type-A quasi-holes have a charge ratio of -3/2, the electric fields in the two layers exert no net force on the quasiholes. Also, current carried by the background state engenders no longitudinal electric field in either layer. Consequently, it is consistent that the quasiparticles will not move and there is no diissipation. By contrast, if the current is applied to layer A, the Hall field in layer A will be 3/2 times the field in layer B, so there will be a net force on the quasi-holes. If the quasi-holes are not pinned, they will move under this force and dissipation will result.
S1.4 Model for the (3/7, 3/7) State
The discussion in the previous sections has been concerned with states where at least one of the parameters p A , p B is an integer, and the ground state can be understood using a mean field theory of non-interacting CFs. This is not the case for the quantized Hall state at (3/7, 3/7), where p A = p B = −3/2. Now we have one full effective Landau level, and one half-full level for each species of CF. For the half-full level, we must take into account interactions between the CFs. We shall assume that there is a pairing between particles of one species and holes in the other, so that the wave function for composite fermions in the partly-filled level can be described by the familiar (111) state. Alternatively, we may say that there is a superfluid Bose condensate of excitons formed from the composite fermions. In this state, there can be no difference in the effective electric field F i felt by the CFs in different layers, regardless of any difference in the currents between layers. Moreover, if current is distributed so that the CFs have the same velocity in the two layers, then interactions between the CFs play no role, and the effective field should have the same value as for uncoupled layers, F i =ẑ × j/(p A + p B ), where j is the total current density int the two layers. This implies that the Hall resistivity matrix for CFs is given by Eq. (M4) of the main text, which is in agreement with our experimental observations. We may contrast these results with what one might have found from some alternate models 
S1.5 Energy gap and incompressibility
We have found, in the case of half-integer p, that the mean-field description of composite fermions reduces to a situation in which an effective Landau level has two species of fermions with total filling equal to unity. We have assumed that interactions are such that the ground state for the fermions has a Bose condensate of exciton pairs, which means that the ground state has a bosonic order parameter, characterized by an arbitrary phase φ. If one were to neglect coupling to the Chern-Simons gauge fields, one would expect that the state would be compressible, and that it would have a Goldstone mode whose energy would vanish in the limit of long wavelengths. However, we argue here that coupling to the gauge fields will cause the actual system to be incompressible and will therefore lead to an energy gap.
In particular, consider a long-wavelength fluctuation in which there is, locally, a difference in the electron density of the two layers, while the total density is held constant. This will give rise to a difference in the effective magnetic fields, ∆ A and ∆ B felt by the composite fermion species, and consequently a difference in the vector potentials felt by the two species. From gauge invariance, we would expect a term in the energy density of the form
where ρ s is a stiffness constant, and a is the difference in vector potentials for the two species. The coupling of the phase gradient and the vector potential is determined by the fact that φ is canonically conjugate to fluctuations in the exciton density, which is itself the difference in densities of fermions in the two layers. Now if the density difference has a form δn = c cos qx (c is a constant), there will be a vector potential a in the y-direction with a magnitude | a| ∝ (c/q) sin qx. Since the density does not depend on y, one will not find a y-component of the phase gradient, at least in linear response, and thus there will be an energy cost proportional to (c/q) 2 .
For any fixed value of the wave vector q, if the density fluctuation is sufficiently large, it will become favorable to introduce vortices in the bosonic order parameter, and thereby reduce the energy cost below (c/q) 2 . In the long-wavelength limit, this will occur even for small density fluctuations, and the density of vortices will be proportional to the size of the density fluctuation. Thus the actual energy cost will be linear in the magnitude of the deviation from equal filling, and we say that the state is incompressible. We note that an isolated vortex in this state will have a finite energy. In the the absence of coupling to the gauge fields, a vortex would have a logarithmically diverging energy. However, coupling to the gauge fields allows for screening, so that far from the vortex the gradient in φ is canceled by the resulting vector potential a. This requires that there be a charge accumulation near the vortex core, which will be equal and opposite in the two layers. For a vortex of unit circulation, the charge in each layer will be ±1/(6p A + 2), which, in the case of the (3/7, 3/7) state, is ±1/7 of an electron charge.
S1.6 Deviations from (3/7, 3/7)
Small deviations from the stable point (3/7, 3,7) along the line where ν tot = 6/7 can be achieved by adding vortex excitations, which have total charge zero but non-zero charge in each layer separately. Although there will be an energy cost for adding these vortices, it is plausible that the energy cost may be smaller than the energy to add a quasiparticle with net charge different from zero. In this case, one should find a valley of relatively stable configurations along the line ν total = 6/7, in the vicinity of (3/7, 3/7). These states are similar to those in the valleys emanating from quantized states with integer p in the sense that they are achieved by adding to the parent state quasiparticles of a single type, which have a fixed ratio of the charge in each layer. Therefore, if the ratio of the electric fields in the two layers is properly chosen, the quasiparticles will not feel a force and can remain stationary, even in the absence of pinning, and there will be no dissipation.
In the present case, the absence of dissipation should occur if the electric fields are equal in the two layers. If the electric fields unequal, the quasiparticles will move, which will lead to dissipation if there is scattering due to impurities. However, the dissipation would still vanish in the absence of impurities, as there is only one type of quasiparticle, and they would all drift at the same velocity.
We may note that for small deviations from the symmetric point, states along the line ν total = 6/7 can be parametrized by (p A = −3/2 + , p B = −3/2 − ). However, for larger values of , the resulting filling factors do not lie on this line but rather on a curve which passes through the points (1,0) and (0,1). In any case, once the deviation from (3/7, 3/7) becomes large, interactions between quasiparticles will be important, and we cannot say much about the resulting state.
In our experiments, we see some evidence for semi-quantized states along a line of slope -1 in the vicinity of the point (3/7, 3/7). However, these states do not extend very far from symmetric filling, and we do not observe evidence for curvature of the line.
S1.7 Relation to trial wavefunctions
The mean field ground states that we have described in the language of fermions coupled to Chern-Simons fields, have direct counterparts in the language of CF trial wave functions, introduced by Jain [?] . The trial wave function corresponding to a state with CF fillings (p A , p B ) can be written as
where z i and w k are the positions of electrons in the two layers, in complex coordinates, Ψ p A , p B {z i , w k } is the wave functions for a set of non-interacting electrons in a state with p A filled LLs in layer A and p B filled LLs in layer B, the operator P LLL represents projection to the lowest LL, and we have omitted the single-particle Gaussian factors. In the case of our quantized Hall state at (1/4, 1/4), corresponding to p A = p B = 1, the wave function Ψ p A , p B is already confined to the lowest LL, and the projection operator can be omitted. The wave function in this case may be written as
which is identical to the Halperin (331) wave function for an FQH state with ν tot = 1/2, which is considered a possible model for such observed states in wide GaAs quantum wells. Another interesting case is generalization of the (3/7,3/7) state to a state with p A = p B = 1/2. If the function Ψ p A , p B is chosen to be the Halperin (111) wave function, which is a description of the interlayer coherent IQH state with equal filling in the two layers, then the final wave function takes the form:
This is just the Halperin (332) wave function which was proposed for the ground state at ν tot = 2/5, for a collection of spin-1/2 electrons with negligible Zeeman splitting.
S1.8 Fractions with 1 < ν tot < 2
Our discussion so far has been concerned with the region of the phase diagram with 0 < ν tot < 1.
We have assumed that in this region, the partially filled Landau level consists of electrons in a single valley and a single spin direction. It is likely that in the region 1 < ν tot < 2, the partially filled Landau level again contains electrons in a single valley and spin state, with either the valley or the spin state or both reversed from the region ν tot < 1. If this assumption is correct, states in the two regions should be related by a particle-hole transformation. Specifically, if we find a quantized state (ν top , ν bot ), there should be another quantized state (ν top , ν bot ), with ν i = 1 − ν i . The corresponding Hall matrices should be related bŷ
S1.9 Systems of finite size
Our analysis so far has focused on situation of an infinite system, where transport takes pace in the bulk, and the contribution of edge states can be neglected. For a quantized Hall state in a finite system, there will be contributions from both the edge and the bulk. It is convenient to break the electrochemical potential at any point into a part that arises from the macroscopic electrostatic potential and a chemical potential, arising from the electron kinetic energy and the microscopic atomic potentials, which depends largely on the local electron density and magnetic field. If there is a difference in electrostatic potential between opposite edges of a sample, there will be electric fields in the bulk, which lead to bulk Hall currents, as we have calculated above. If there is also a chemical potential difference between the edges, there will be edge currents due to the difference in occupations of current-carrying states at the two edges. However, it is well established that the total Hall current in a quantized state is determined only by the voltage difference between opposite edge states and is independent of the division between electrostatic and chemical potential [?] .
If we now consider a semi-quantized state along the line L2, and apply the drive current to the bottom layer, where p B = −2, and we neglect any possible motion of the quasiparticles of type A, then we will obtain the same voltage differences between opposite edges for a finite system, for a given total current, as in the limit of an infinite system. Motion of the quasiparticles will be driven by gradients in the chemical potential (diffusion) as well as by the gradient of the electrostatic potential. In our situation, the total Hall voltage in the top layer will be 3/2 the Hall voltage in the bottom layer, while the type-A quasiparticles have charges of opposite sign in two layers, with a ratio -2/3,. Thus, we would expect that on average there will be no driving force for motion of the quasiparticles, and it is consistent to assume they do not contribute to the current. By contrast, if the drive current is applied to the top layer, there will be a net force on the quasiparticles, and dissipative motion will result. Similar considerations show that our predictions for the drag and drive resistances in semi-quantized states should apply to finite systems as well as in the limit of an infinite system.
S1.10 Simplified model of transport in a semi-quantized state
We present here a less rigorous, but perhaps more intuitive way to understand the Hall resistance quantization along L1 and L2. For example, let us model states along L2 by starting from the end-point (0, 2/3), considering filling factors (ν top , ν bot ) = [δ, 2/3(1 − δ)], with δ small. (Fig. S1 ). The state (0, 2/3) consists of a completely empty top layer and a bottom layer in a conventional quantized Hall state with ν = 2/3. We may suppose that for a suitable strength of interaction between the layers, an electron added to the top layer would bind strongly to a pair of e/3 quasiholes in the top layer, giving rise to a combined quasiparticle whose total charge is one-third of an electron charge, −e/3. Further, we may suppose that the state with δ = 0 is formed by addition of a finite density of these compound quasiparticles to the (0,2/3) ground state. .
If a current I is driven on the bottom layer, it will be carried solely by electrons in the ν = 2/3 ground state, with no motion of the quasiparticles. Schematically, we can say that the current is carried by the FQH edge state of the ν = 2/3 layer. (Fig. S1a) . The quasiparticles cannot contribute a net current, because that would require a current of electrons in the top layer, in violation of the boundary condition in the drag geometry. The absence of quasiparticle motion requires, in turn, that the net force on a quasiparticle is zero, which will occur if and only if the electric field in the lower layer is 3/2 times the field in the bottom layer. Furthermore, in order to get a net current I from the edge states in the lower layer, the Hall voltage in that layer must be equal to 3Ih/2e 2 . Thus we find R drive xy = 3/2, R drag xy = 1, in units of h/e 2 .
In the case where we drive current I on the top layer, the current must be carried by quasiparticles, since there are no edge states in the upper layer. (Fig. S1(b) ). This current drags a quasiparticle current of −2I/3, in the opposite direction, on the bottom layer. This current must be canceled by a 2I/3 edge current on the bottom layer, which requires that there be a Hall voltage V drag xy = 3h 2e 2 × 2 3 I = h e 2 I. By contrast, the voltage V xx and V xy in the top layer will not be quantized, and will depend on details such as the amount of impurity scattering, as well as the value of δ. Thus we have a quantized Hall drag effect in this configuration, despite having no quantized Hall effect in the top layer. Fig. 3f . This is to show that the semi-quantization behavior exists for both linecut direction.
